In the studies reported here, we test the intramolecular Krieger, 1984). All of the receptors are produced and mature properly, as assessed by Western blotting with ligand model and evaluate the role of the two interfaces described above. First, we establish directly that the the monoclonal antibody (MAb) IgG-C7 (Beisegel et al., 1981), which recognizes the first ligand binding repeat induction of interface I is required to promote dissociation of LDL at low pH, and further demonstrate the funcof the receptor only when properly folded and in the presence of calcium (see Supplemental Figure S1A at tional importance of specific residues in forming the induced interface. Then, to evaluate whether interface http://www.molecule.org/cgi/content/full/16/2/281/ DC1/). The level of cell-surface expression of the native II acts as a switch between neutral and low pH conformations, we examine the structural integrity of interface II LDLR and the three mutants was then evaluated with a flow-cytometry assay using the same antibody; though as a function of pH. Remarkably, the integrity of interface II is maintained throughout the physiologic pH range, the expression level of each construct varies to some extent, each is readily detected on the surface of intact and mutations that abolish interface II by introducing flexibility into the linker interfere with low pH-induced cells (Supplemental Figure S1B) . To determine whether the cell surface receptors retain release of LDL. These studies show that the linker connecting LA7 with EGF_A does not act as a pivot to the ability to bind and release LDL, we performed a binding assay using fluorescently labeled DiI-LDL, and interconvert the two conformations, but rather constrains the flexible amino-terminal ligand binding reanalyzed the amount of bound LDL by flow cytometry before and after treatment with pH 5 buffer. 2C) . Together, these studies demonstrate an absolute requirement for the ␤ propeller-EGF_C domain pair in low pH-mediated release of LDL by the native receptor, and support a release mechanism in which the receptor is induced to adopt the closed conformation seen in the crystal structure upon exposure to low pH. Having established that the ␤ propeller domain is required to promote ligand dissociation at low pH, we then performed domain swaps with two different ␤ propeller-EGF domain pairs from LDL-receptor related protein 6 (LRP-6) to identify propeller residues that are needed to induce release of bound LDL at low pH ( Figures 3A  and 3B ). When the second propeller domain from LRP-6 is used in place of the native LDLR sequence, the chimeric receptor retains the ability to release bound LDL upon exposure to low pH ( Figures 3C and 3D) . In contrast, a domain-swapped receptor with the fourth propeller from LRP-6 fails to release bound LDL upon exposure to low pH ( Figures 3C and 3D) .
The most striking differences between the second and fourth propeller domains from LRP-6 are at positions of the alignment that correspond to the interface seen in the LDLR low pH structure ( Figures 3B and 4A) . Whereas LRP-6 propeller 2 has a histidine residue at the position corresponding to H586 of the LDLR, LRP-6 propeller 4 does not. Similarly, LRP-6 propeller 2 has lysine residues at positions equivalent to K560 and K582 of the LDLR, whereas propeller 4 does not.
Histidine Residues as Potential Electrostatic Switches
The low pH crystal structure reveals the presence of three histidine residues at the interface between the propeller and the LA4 and LA5 ligand binding repeats, H190, H562, and H586 (Rudenko et al., 2002) , that could be responsible for sensing the change in pH to promote closure of the receptor under acidic conditions. H586 is absent from LRP6 propeller 4, which does not retain low-pH-induced release activity in the domain swap experiment, and both H190Y and H562Y have been classified as FH mutations (Hopkins et al., Sun et al., 1994) . Previous studies of the H562Y mutation, identified retains the ability to bind LDL at neutral pH on the cell surface, and to release bound LDL in response to low detectable difference between LDLc levels (Hopkins et al. , 1999) . Our data show directly that the H190Y receptor is expressed at levels comparable to the native receptor and is competent for LDL uptake with only a minimal release defect, explaining why the patient phenotype is so mild. Indeed, the reduction in release activity seen for this mutant may represent a threshold for the loss in activity necessary to cause disease, or alternatively, may indicate that this particular mutation is more accurately classified as a receptor polymorphism.
We next changed all three histidines simultaneously to either alanine or tyrosine (HtrA or HtrY) to determine whether these residues act cooperatively as a pH sensor. Each triple mutant receptor can still bind LDL, but a near complete loss of release activity is seen in each case ( Figures 4B and 4C) . This experiment provides compelling evidence that the histidine residues participate together in the induction of interface I to trigger release of bound LDL. tive to fast internal motions and readily identify flexible residues and regions in the molecule. Data to calculate hNOEs were acquired at pH 5.2, 6.5, and 7.0 to span a pH ( Figures 4B and 4C ). Though the release activity of the mutated receptors is detectably diminished when range of values from acidic to neutral pH ( Figure 5A ). The large negative hNOEs of the N-terminal residues compared with the native receptor, the comparative reduction in release activity is less than 30%.
Role of Interface II in Promoting
indicate that these residues are flexible at all pH values tested. Remarkably, the rest of the residues in LA7-Of note, the published report identifying H190Y as an FH mutation relies only on serum levels of LDL choles-EGF_A have roughly uniform hNOEs typical of wellstructured regions, and the linker residues are indistinterol (LDLc) in the members of a single family. In the two generations where serum LDLc levels of family members guishable from the core structured residues of the LA7 and EGF_A modules. By comparison, the hNOE values with no mutant alleles can be compared directly with those of members carrying the H190Y allele, there is no measured for the flexible linker in the LR5-6 pair de- The coordination of a calcium ion at the N-terminal end of EGF_A imposes rigidity on the LA7-EGF_A dosought to determine the conformation of the LA7-EGF_A domain pair in its neutral pH conformation to compare main pair and brings the ␤-hairpin of EGF_A into position to form a hydrophobic interface with LA7. The interdoto the structure seen in the crystal at endosomal pH. To confirm that the structure of the LA7-EGF_A polypeptide main contacts between the two modules are created only after the Ca 2ϩ binding site present in each module adopts its neutral pH conformation at pH 6.5, we first verified that the 15 N-HSQC spectra of the LA7-EGF_A is loaded, because chemical shift perturbations of the interface residues are seen upon addition of the second pair are identical at pH 6.5 and pH 7.0. Further evidence that the receptor is in its neutral pH conformation at equivalent of calcium to the NMR sample (N.B. and S.C.B., unpublished data). pH values above 6.0 also comes from published data establishing that acid-mediated dissociation of ligand The details of the hydrophobic interface are clearly identified in our NMR structure ( Figure 5D ). The side from the LDLR is not induced until the pH drops below a value of 6.0 (Davis et al., 1987) . To reduce the rate chains of Phe 261 and Val 274 of LA7 come within 4 Å of Ile 313, which protrudes from the tip of the ␤ sheet of amide proton exchange, improve the quality of the spectra, and ease the process of structure determinain EGF_A ( Figure 5D ). Leu 271, Pro 288, and the aliphatic portion of Lys 312 also exhibit intermodule NOEs and tion, we acquired NMR spectra at pH 6.5 to determine the structure of LA7-EGF_A in its neutral pH conforstabilize the interface at its periphery. Within the cluster of hydrophobic residues at the interface, there are two mation. Figure 5B ). The LA7 module exhibits the essential structural features of other LA modules, with three disulinterface between the modules, are strictly conserved among all LDL and VLDL receptor sequences in the fide bonds, a bound calcium ion, and distinct N-and C-terminal "lobes." A short antiparallel ␤ sheet, together database, again suggesting functional importance (Supplemental Figure S2 ). with a disulfide bond between the first and third conserved cysteines, serves to scaffold the N-terminal lobe Strikingly, the hydrophobic contacts of the interface between LA7 and EGF_A lock the two modules in an gaged the interface between the domains by mutating two of the calcium-coordinating residues in the LA7-orientation virtually indistinguishable from the one seen in the crystal structure at endosomal pH ( Figure 5E ). The EGF_A linker to flexible glycine residues (T294G/E296G). We confirmed that the mutations uncoupled the doentire LA7-EGF_A pair superimposes with an RMSD of 2.73 Å to the low pH X-ray structure, with values for the mains by comparing HSQC spectra of the native and mutated domain pairs, and mapping the perturbations individual domains of 1.90 and 2.38 Å for LA7 and EGF_A, respectively. The single domain RMSDs comonto the structure (Figures 6A and 6B) . The perturbation of a continuous stretch of residues distant from the pare favorably with the RMSD of 1.90 Å between the two X-ray structures available for LA5, solved in isolation mutation sites but surrounding the native interface in LA7 shows that the native interface is disrupted in the to 1.7 Å resolution, and to 3.7 Å resolution in the low pH structure. mutant. The glycine mutations were then introduced into the Subtle differences do exist between the two structures at the interface (for example, neither Phe 261 nor native receptor on the cell surface and the activity of the mutant receptor was measured in the low pH release Leu 271 participate in intermodule contacts in the low pH structure). These differences may either reflect limiassay ( Figures 6C and 6D) . The glycine linker mutant retains only 52% of the specific release activity of the tations due to the resolution of the structures or represent fine adjustments in the structure of the interface native receptor, showing more functional impairment than any of the single histidine point mutants. in response to the change in pH. Subtle movements centered around the glycine residue in the linker may readily account for the observed differences. Discussion To test whether the constrained interdomain arrangement between LA7 and EGF_A plays a functional role Early functional studies of LDL receptors lacking the entire EGFP region of the LDLR pointed to communicain facilitating release of bound LDL at low pH, we disen- 
Accession Numbers
Coordinates for the neutral pH structure of the LA7-EGF_A domain pair have been deposited in the protein data bank under accession number 1XFE.
